We present a theory of the stripe domain structure in a thin ferromagnetic 61m with single-ion easy-axis magnetic anisotropy and long-range dipole interactions, for a wide range of temperatures and applied magnetic field. The domains exist at temperatures below the reorientational phase transition from out-of-plane to in-plane magnetization.
I. INTRODUCTION
Recently the physical properties of ultrathin (a few monolayers) ferromagnetic films have been intensely studied both experimemtally and theoretically. In part this is due to the prospect of using such films as highdensity storage devices. Fe and Co films on Cu, Ag, and Au substrates have a Curie temperature exceeding room temperature and sometimes exceeding the temperature of film evaporation.
Ultrathin films display a remarkable size efI'ect: The direction of magnetization depends crucially on the thickness of the film. In thicker films (ten or more monolayers) the magnetization, if it exists, is parallel to the plane. In extremely thin films (one to five monolayers) the magnetization is always perpendicular to the 61m. In films of intermediate thickness the magnetization is found to be perpendicular to the plane at low temperatures and parallel at high temperatures.
More accurate measurements have shown the existence of a reorientation phase transition (RPT) in the range of temperatures 230 -270 K.
The very existence of a perpendicular magnetization is nontrivial, since the demagnetizing factor of a film favors a parallel magnetization.
The cubic symmetry of the fcc iron lattice is broken near the film surface, resulting in uniaxial anisotropy. This effect is stronger the thinner the film. Neel argued that the surface-induced anisotropy is of the easy-axis type. His intuitive conclusion has been supported by numerical calculations of Gay and Richter on the ground state of an iron film on a copper substrate. They have concluded that, in the ground state, the magnetization should be directed perpendicular to the film. Pescia and Pokrovsky and Teitelman have suggested that the RPT is the result of a competition of the surface magnetic anisotropy and the dipolar forces, both renormalized by strong thermal 8uctuations (see also the discussion in Levanyuk and Garcia and Pescia and Pokrovsky ). The e8'ective anisotropy A,tt includes the bare anisotropy A and a contribution from a short-range part of the dipolar interaction, O"which is of opposite sign. The bare anisotropy energy does not depend on the number of layers, whereas the dipolar energy is proportional to the number of layers, N, so that the effective anisotropy can be written as Thermal fluctuations renormalize A and 0 in difI'erent ways, so that A is decreased with temperature faster than 0, and A g goes to zero at some temperature T". According These calculations will be published elsewhere.
As long as a perpendicular magnetization exists, the dipolar interaction favors the formation of a domain structure. Yafet 
where I' = (1/2)rS2 J is the exchange energy (r denotes the number of nearest neighbors, J the exchange con- Fig. 1 ):
ogy. The expression on the right-hand side (RHS) of Eq. (7) is the self-induction of a system of wires, coinciding with the contours I' and carrying electric currents. The remaining part of the dipole interactions, which depends on the particular spin configuration inside the domain walls, is proportional to the overall length of these walls and can be accounted for in our electromagnetic analogy by the magnetic susceptibility of the wire. It will be of no importance to the determination of the magnetic structure and can be incorporated into the energy of the domain wall E,. Henceforth we assume that there are no spins at all within the thin stripes of width l, .
We use Eq. (7) (Fig. 2) . Let the x axis be directed perpendicular to the domain walls and the y axis be parallel to them. Then the x coordinates of the boundaries are
The dipolar energy (7) for this special situation reads where B is a distance between two points on the contours I'+ and I'; dl and dl are the vector difFerentials along the contours.
The representation (7) allows a simple electrical anal-
where N is the total number of domains and L" is the length of any domain wall (the length of the film in the y direction). Here 
Besides the dipolar energy (7) the total energy contains contributions from the short-range energy of the domain walls, equal to E, x (the total length of domain walls), and from the Zeeman energy of spins in the magnetic field H. Collecting all these terms we get the total energy per unit area: (14) qh, p where the critical field h is defined as h. -= 4nn*(T). an almost isotropic case described by the Hamiltonian (2) It is useful to note that the largest terms E,n and -OnlnnL compensate each other at the equilibrium, and comparatively small interactions of the order of On determine the structure. Therefore higher-order corrections to the exchange interaction must be inspected carefully. This will be done later.
When a nonzero magnetic field. h is included the equilibrium conditions read
where n is the density of domain walls (the number of walls per unit length). By the derivation Eq. (11) is
where it gives a the reasonable answer Eg --0. 4I'q2SS
where bA T"-T is a remanent single-ion anisotropy.
The stripe structure has the lowest energy among the Cc Fig. 1 . We introduce a frame of reference with the x axis perpendicular to and y axis parallel to the domains. A domain-wall displacement can be described by a scalar field u (y), whose geometrical meaning is illustrated in Fig. l To find the elastic energy we assume the deformations and bending to be small, and represent the differences of displacements and angles by the expansions 
To complete our discussion of the elastic properties of the SDS we consider the anisotropy energy associated with domain-wall orientation.
It originates in the assumed tetragonal symmetry of the spin system on a lattice. The 
Only the absence of an infrared divergence must be checked, since there exists a natural ultraviolet cutoff momentum at the inverse lattice constant. We have thus shown that different pieces of the SDS have a preferred orientation, forming a kind of nematic liquid crystal when averaged over many domains. This type of nematic ordering in positionally disordered smectics was discussed by Toner and Nelson. Over the range of distances (40) thermal fluctuations yield a strong renormalization of the elastic moduli, which are not constant, but depend on the wave vector in the long-wave limit. Indeed, we will now show that the elastic constant K goes to zero as the wave vector goes to zero. This renormalization was found by Grinstein In (49) and (50) 
The renormalization changes the relationship between the longitudinal (q ) and transverse (q") components of wave vector. They are balanced at Kq = pqy or) if we set 5 = 1 in Eqs. (51) and (52), In particular, the theory predicts that the shape of the difFusive difFraction peak is strongly anisotropic, so that the width of the peak in the x and y directions is p B and p B, respectively. For r )) Lgt/a the anisotropy dominates, and the cutoff momentum q in Eqs. (52) and (53) 
